Abstract: Broadband power-line communication using turbo codes and orthogonal frequency division multiplexing (OFDM) is considered in this paper. It is shown that the performance of conventional turbo coded OFDM systems degrades substantially due to the impulsive noise interference commonly encountered in power-lines. A robust turbo coded OFDM transceiver applying an iterative noise cancellation technique is proposed. Simulation results show that the proposed scheme is robust to impulsive noise while maintaining excellent performance in Gaussian noise.
Introduction
Recently, there has been an increasing interest to utilize the power-line channels for broadband communication services [1, 2] . This is due to the fact that the power supply infrastructure is denser than any other communication networks and thus providing a cheap and convenient communication alternative. However, power-lines impose formidable technical challenges to the system designers because reliable high-speed communication is sought over a medium originally designed for electrical delivery rather than for data transmission. The power-line channel is known to have several types of channel impairments which include frequency-dependent channel attenuation, multipath frequency-selective fading, and impulsive noise [1] .
Among the modulation schemes proposed for broadband power-line communication (PLC), multicarrier modulation in the form of orthogonal frequency division multiplexing (OFDM) is found to be robust against severe frequency-selective fading in power-line channels. By transmitting data in parallel using sufficiently large number of orthogonal subcarriers, a frequencyselective channel becomes a set of flat-fading subchannels. Thus, intersymbol interference (ISI) is kept to a minimum and equalization becomes simple. These characteristics make OFDM an ideal candidate for high-speed PLC and the HomePlug 1.0 PLC standard has already adopted OFDM as its modulation technique [1] .
Nevertheless, the harsh operating environment due to various channel impairments along with the stringent electromagnetic compatibility (EMC) requirements imposed on PLC systems call for the use of high performance error correction coding to achieve reliable data transmission at low signal-tonoise ratio (SNR) values. This makes turbo codes [3] an attractive solution due to their excellent performances in low SNR values. Thus a turbo coded OFDM system seems to be suitable for PLC to jointly mitigate ISI and impulsive noise. However, turbo codes were optimized for Gaussian noise channels and the robustness of OFDM systems to impulsive noise is found to vanish after a certain threshold [4] . Thus the performance of the conventional turbo coded OFDM systems is questionable for PLC, since the major source of the noise afflicting power-lines is impulsive in nature [1] .
In this paper, we propose a robust turbo coded OFDM system based on a reconstruction algorithm to combat the adverse effect of impulsive noise. The reconstruction algorithm is an iterative method originally introduced to recover band-limited signals [5] ; it requires n z zeros in the discrete Fourier transform (DFT) domain of the original signal and this requirement is met in the proposed scheme by oversampling the data. A similar approach has been used in [6] , but here, for the first time, the reconstruction algorithm is modified for an OFDM-based PLC transceiver used in conjunction with turbo codes.
Impulsive noise model
To model impulsive noise, a class of zero-mean, algebraic-tailed models called symmetric α-stable (SαS) distributions [7] is adopted. A random variable X is SαS if its characteristic function has the following form:
The characteristic exponent α (0 < α ≤ 2) is a parameter signifying the impulsiveness of X. A small value of α corresponds to a more impulsive behavior, and α = 2 produces a Gaussian process. γ (γ > 0) is a scale parameter called dispersion, which measures the spread of X. The class of α-stable models has been found to agree well with the measured data of a variety of man-made and natural noises [7] , therefore it can be used to model impulsive noise accurately.
System model
Consider the transceiver model shown in Fig. 1 . In the transmitter, information bits go through a turbo encoder similar to the standard turbo encoder used in [3] . The encoded bits are distributed into n blocks and subsequently mapped into n baseband quadrature amplitude modulation (QAM) symbols S .
At this stage, instead of using only the baseband symbols, we pad n z trailing zeros to S to create an oversampled S , denoted as S , as follows:
where n z can be considered as the oversampling factor and n z = 0 corresponds to the conventional OFDM system. The block of N = n + n z baseband symbols is then transformed by means of the inverse DFT (IDFT) to a baseband OFDM signal:
where N is the number of subcarriers, and T S is the symbol interval. Assume perfect synchronization, the time-domain received signal can be expressed as
where s k = s(kT s /N ), and u k is the additive SαS noise. In order to reduce the adverse effect of impulsive noise, the reconstruction algorithm (to be explained in subsection 3.1), is applied at the OFDM receiver front-end. The reconstructed y i is then fed to a DFT operator to recover the QAM symbols Y n and removal of the padded zeros follows as shown in Fig. 1 . Finally, Y n is demodulated, converted from parallel to serial and turbo decoded to estimate the output data bits.
Reconstruction algorithm
The reconstruction algorithm is an iterative method derived from the nonuniform sampling theorem [5] . Given the input samples y 0 = P [S(r )], the iterative method reconstructs the transmitted signal s through the following recursive equation:
where r is the received signal, y i is the output at the i th iteration, λ is a convergence constant, S is a masking operator and P is a low-pass filtering operator. The iterative method is illustrated in Fig. 2a where λ is set to 1. The masking operator S detects and attenuates samples corrupted by impulsive noise. The low-pass filtering P produces an improved approximation of the transmitted signal from the output of the masking operator. Since the last n z components of the received signal in the DFT domain are due to noise only, the low-pass filtering operation P is accomplished by replacing these components with zeros as depicted in Fig. 2b . The original iterative method dictates the use of hard decision for the masking operator S where the noise corrupted samples are set to zero. But in this work, we employ soft decision to reduce the false alarm rate. This improves the overall performance since impulsive noise is suppressed by the reconstruction algorithm whereas non-impulsive noise is handled by the turbo decoder. Impulse detection is achieved by using a threshold η which is set as the maximum of the k smallest magnitudes among all the samples, where k is the selection ratio. This makes the median magnitude as a special case, where k = 0.5. We use k = α/2 where α is the impulsiveness parameter of the SαS noise. Once the threshold is determined, a mask Ø can be computed for every sample:
where r is the received sample and η is the threshold value. If |r| is smaller than the threshold, the corresponding mask becomes one. This means that the sample is clean and will remain unchanged. If |r| is greater than the threshold, the received sample is assumed to be corrupted by an impulse. The corresponding mask is determined based on the difference between |r| and η. The difference (η − |r|) is a measure of confidence that r is corrupted by an impulse. Since in this case, |r| is greater than η, and η is always a positive number, (η − |r|) becomes a negative number. This produces a mask which is a real number between zero and one. With a very large |r|, the mask tends to zero and if |r| is close to η, the mask approaches one. Therefore a noisy sample is attenuated according to its harshness. The mask (Ø) and the low-pass filter are used as part of the G operator (Fig. 2c) to perform the masking and the low-pass filtering operations, respectively. From Fig. 2a , the G operator first eliminates impulsive noise from the received signal r by performing the masking and low-pass filtering operations to produce the initial condition y 0 . The inverse operator tends to reconstruct the transmitted signal s from consecutive iterations. Each iteration produces an estimate of s which will become more accurate in the subsequent iterations. This enhances the overall SNR of the reconstructed signal y i . Fig. 3a shows the bit-error-rate (BER) performance of a conventional turbo coded OFDM system and the proposed method in an impulsive environment (α = 1.8). The conventional turbo coded OFDM system has a code rate of 1/3 with n = 32 baseband symbols. The proposed method has 4 (n z = n/8) padded zeros. Nevertheless, this redundancy is reduced by puncturing some of the parity bits from the turbo encoded bits and hence maintaining an overall code rate of 1/3. It is clear from Fig. 3a that the proposed method significantly outperforms the conventional turbo coded OFDM system in the presence of impulsive noise. Note that the reconstruction algorithm is implemented for a fixed number of 10 iterations and the iteration numbers in Fig. 3 correspond to the turbo decoder and should not be confused with the iterations of the reconstruction algorithm. Fig. 3b compares the performance of the two systems in a Gaussian noise environment where it is noticed that the proposed method only suffers little performance degradation as compared with the conventional turbo coded OFDM system. This is due to the puncturing effect which usually results in performance degradation of turbo codes in Gaussian noise environments. Note that the small value of n z = 4 requires puncturing of a small number of parity bits and hence the overall performance remains satisfactory. 
Results

Conclusion
A robust turbo coded OFDM system is proposed and investigated. Samples of the received signal affected by impulses are detected and reconstructed with the aid of an iterative method. Results show that the proposed method can operate effectively in impulsive noise while maintaining excellent performance in Gaussian noise.
